INTRODUCTION
It is well known that metallic materials such as Al and Mg alloys and especially the high strength steel materials are very sensitive to hydrogen embrittlement (HE) when exposed to a hydrogen-containing environment, which leads to internal cracks in the materials and unpredictable failure of the materials under lower stress. The resistance of an alloy to HE is significantly affected by the interaction of hydrogen with microstructural heterogeneities that acts as hydrogen traps. Up to now, the HE behavior of a great deal of iron and steel alloys with various microstructure has been investigated. However, the HE sensitivity of the FSW processed steels has been seldom studied [1] . In this study, the sensitivity to HE of the FSW processed SK4 was evaluated by the hydrogen cathodic charging method. The mechanical properties of the stir zone related to the blister or surface crack formation were investigated and compared with that of the base metal (BM).
EXPERIMENTAL PROCEDURE
In this study, stir-in-plates welding of 2-mm thick SK4 high carbon steel plates was carried out using a load-controlled FSW machine. The base metal has a microstructure of spheroidized cementite and pearlite in the ferrite matrix. The rotating tool used in this study was made of a WC-based material, which had a shoulder diameter of 12mm, probe diameter of 4mm and probe length of 1.8 mm. The tool axis was tilted by 3° with respect to the normal direction of the sample surface. The travelling speed of the rotating tool was maintained constant at 100 mm/min and the rotation speeds were 120, 200 and 400 rpm in order to obtain various microstructures in the stir zone [2] . Argon shielding gas was used during the welding process to protect the stir zone from oxidation. Prior to the hydrogen charging, the entire surface of the specimens were mechanically ground using a series of emery papers till 4000 grade followed by polishing using a colloidal silica oxide polishing suspension, then rinsed and degreased with acetone. Hydrogen cathodic charging was carried out at room temperature in an aqueous solution of 0.5 M H 2 SO 4 containing 1g/L thiourea at the current density of 500A/m 2 using a regulated direct current power supply. The charging time for all the specimens was 4 hrs. After charging, the specimens were immediately washed with distilled water and acetone. The tensile tests for the uncharged and charged specimens were carried out using an Instron tensile machine at a cross-head speed of 0.5 mm/min. For the charged specimen, the tensile tests were started within 20 minutes after the charge finished in order for the hydrogen not to be released from the specimen.
EXPERIMENTAL RESULTS
After welding, the cross-sectional macrostructures of the stir zone welded at different rotation speeds are shown in Fig. 1 .
Microstructural characterization reveals that the stir zone obtained at 120 rpm contains small cementite particles in fine equiaxial ferrite grains. The stir zone obtained at 200 rpm mainly consists of fine pearlite and some spheroidal cementite.
When welded at 400 rpm, the stir zone has a duplex structure with a small amount of pearlite distributed in the martensitic matrix.
After hydrogen cathodic charging of the specimen, the surface morphologies of the charged specimens obtained at 120, 200
and 400 rpm are shown in Fig. 2 . Generally speaking, for all the charged specimens the blisters can hardly been observed in the stir zone regardless of the welding parameters. However, a large quantity of irreversible dome-shaped blisters with different sizes ranging from 50 to 500 µm can be observed on the surface of the base metal. Fig. 3 shows the SEM images of the sample surface after hydrogen charge at a high magnification. The base metal in Fig. 3(a) shows large crack at the periphery of the round blister. The sample welded at 120 rpm shows small voids around the refined carbide as shown in Fig.   3 (b) . In Fig. 3(c) , the sample welded at 200 rpm showed cracks at the pearlite boundary. However, some cracks can be found in the martensite matrix in the sample welded at 400 rpm as shown in Fig. 3 (d) .
The tensile strain-stress curves are shown in Fig. 4 . Generally, all the samples showed an obvious reduction in the ultimate tensile strength and plastic elongation after being hydrogen charged. However, the yielding points did not change and were not sensitive to the HE except for the sample formed at 400rpm. It was found that the reduction in the elongation coincides with the formation of blisters or cracks on the sample surface. The plastic deformations of the base metal, 120 rpm welds and 200 rpm welds were reduced from 36% to 4%, 17% to 3% and 22% to 10%, respectively. However, the hydrogen charged welds obtained at 400 rpm underwent premature failure due to the formation of cracks on the martensite matrix.
This phenomenon further confirmed that the HE sensitivity of steel is related to the microstructure material and can be improved by the FSW technique.
CONCLUSIONS
All the SK4 FSW welds are sensitive to HE. The blister formation can be suppressed and the ultimate strength and plasticity reduction can be decreased by the FSW process, except for those of the 400 rpm welds. 
